e key technology in filling mining is the gravity transportation of high-density slurries, and the filling system design is a significant part of this technology. e filling effect depends on the fluidity of the filling slurry. To investigate the influence of the gradation of tailings on the rheological properties of the filling slurry, this study uses particle size analysis to prepare three types of tailings: powder-, relatively fine-, and fine-grained tailings, which are then mixed in different proportions. e rheological properties of the resulting filling slurries are tested; the viscosity coefficients and yield stresses of the slurries are obtained using the analysis software provided with the MCR102 advanced rheometer that is used to measure the rheological properties of the slurries.
Introduction
e mining process leaves behind a large number of goafs, which are a potential safety hazard in mine production [1] .
e filling of tailings is treated as a safe disposal method in the Linglong gold mine. However, a serious slurry blockage phenomenon can occur during the filling process [2] [3] [4] . Many factors contribute to blockage of the pipe. During filling with aggregates, bulky debris often inadvertently enters the filling pipeline, and the presence of too many angular stones in the filling material or insufficient mixing may cause a pipe blockage accident. However, the root cause is poor fluidity of the slurry in the tube [5, 6] . e yield stress and viscosity of the slurry are important indicators for evaluating the fluidity of the slurry. e greater the yield stress and viscosity, the more difficult it is to overcome the frictional loss between the slurry particles and the worse the flow performance of the slurry [7, 8] .
e rheological properties of the filled slurry mainly depend on the mass concentration, cement-sand ratio, hydration reaction temperature, hydration reaction time, and physicochemical properties of the constituent slurry materials [9] . e shear rate of the slurry decreases with increasing concentration under the same strength conditions [10] ; the yield stress of the slurry increases as the ratio of lime to sand increases [11] [12] [13] ; the higher the temperature, the greater the yield stress of the slurry and the worse the fluidity [14] [15] [16] ; the longer the reaction time, the more the hydration products and the worse the fluidity of the slurry [17] . In addition, many studies had investigated the fluidity of fillers. e properties of cemented paste backfill (CPB) had been considered by many researchers, and a multiphysics model on CPB strength was proposed and had been successfully validated against a series of experimental data [18, 19] . e effect of the properties of the CPB mixture on the uniaxial compressive strength (UCS) of the filling body had been investigated, and the results show that the early strength of the filling body was related to many factors, such as the filling time, slurry concentration, and different cementing materials [20] [21] [22] . Liu et al. studied the improvement mechanism of special additives for the fluidity of a tailings filler slurry by measuring the exudation rate and compressive strength of the slurry, and it was shown that the structure became denser and increased the compressive strength of the filling material at an early age after adding the special additive [23] . Wang et al. determined the effect of fine fly ash particles on a filling slurry, and it was shown that the slump, divergence, setting time, and compressive strength of the paste firstly increased and then decreased with increasing fine gangue rate [24] . e practice of using ultrafine tailings cementing filling technology in a gold mine had also been researched and a good filling effect was obtained [25] . e relationship between the fineness content and the fluidity in the slurry tailings particles was analyzed. e experimental results show that the slurry strength increased with the increase of the specific gravity of the fine particles in the tailings [26, 27] .
Many studies had investigated the effects of mass concentration and the lime-sand ratio, but relatively few have studied the effect of particle sizes of tailings on the rheological properties of the slurry [28, 29] . e gradation of tailings is described by the particle size distribution of the material, which refers to the percentage of different-sized particles in a granular material. e particle size distribution of the tailings controls the full filling process.
e finer particles in the tailings have a smooth surface and play a role in ball lubrication at the contact of the tailings particles, which can effectively reduce the frictional loss between the angular tailings particles [30] . If the particle size distribution of the tailings in the filling slurry is not suitable, the slurry will segregate in the pipeline, which can cause a series of serious consequences, such as pipe wears and blockages. Different particle size distributions of tailings can also cause changes in the rheological properties of the filling slurry.
Methodology and Equipment

Experimental
Equipment. An MCR102 advanced rheometer, a sandstone sieve, a vibrating machine, and an LS-POP (8) laser particle size analyzer manufactured were used in this experiment.
MCR102 Advanced Rheometer.
e experiment in this study was carried out using the MCR102 advanced rheometer (Anton Paar, Austria). e rheometer consists of an air compressor, an air filter, a constant-temperature water bath, and its own system analysis software.
LS-POP (8) Laser Particle Size Analyzer Manufactured.
To ensure reliable experimental results, a particle size analysis was performed on all tailings formulated for the experiments. e tailings were analyzed using an LS-POP (8) laser particle size analyzer manufactured by OMEC. 
Tailings.
In these experiments, the effect of the particle size ratio of the tailings on the rheological properties of a high-concentration full tailings filling slurry was investigated using Linglong gold tailings as the raw material.
e main chemical composition of the tailings is shown in Tables 1 and 2 .
Experimental Content.
e particle size characteristics were analyzed, and the results are shown in Figure 1 . Figure 1 shows that the cumulative content of the Linglong gold deposit particles reached 33%, 66%, and 99%, corresponding to particle sizes of approximately 40 μm, 160 μm, and 315 μm. erefore, it is assumed that the ratio of powder-grained particles : relatively fine-grained particles : fine-grained particles in Linglong gold mine tailings is approximately 1 : 1 : 1. With the existing experimental apparatus, particles with a diameter less than 40 μm are classified as powder-grained particles, particles with a diameter of 40-160 μm are defined as relatively fine-grained particles, and particles with a diameter of 160-315 μm are designated fine-grained particles [31] .
A sandstone sieve and vibrating machine were used to prepare tailings with different grain sizes. Before sieving, a sufficient amount of Linglong tailings sand was dried in a drying oven for 24 h at a temperature of 105°C. e dried tailings were then placed in a sandstone sieve with a pore size of 315 μm. After the tailings were sieved, the powder-, relatively fine-, and fine-grained tailings obtained from different batches of sieves were mixed uniformly, and selfsealing bags were loaded for use in the tests.
e main purpose of these experiments is to determine the influence of the gradation of tailings on the rheological properties of the filling slurry. In the experiments, the proportion of one of the three types of particles (powder-, relatively fine-, and fine-grained) was constant.
e proportions of the other two types of particles were varied, and the resulting friction loss was calculated. To increase the degree of test discrimination, the ratio of powder-grained particles in the tailings was increased by 10%, while the proportion of relatively ne-and ne-grained particles in the tailings was increased by 20% during the experiments, as shown in Table 3 . Table 3 summarizes the experimental scheme with varying particle size ratios of tailings. Slurry No. 1 has a ratio of ingredients of 1 : 1 : 8, which means that the powdergrained particles account for 10%, relatively ne-grained particles account for 10%, and ne-grained particles account for 80% of the tailings. A set of full tailings (1 : 1 : 1) was added as a control group for these experiments.
Data Collection.
e design temperature of these experiments was 20°C, the mass concentration of all slurry controls was 68%, and the cement-to-sand ratio was 1 : 8. A design time gradient was used to measure the rheological parameters of the slurry. e weighed tailings and OPC were mixed in a container until a uniform color was obtained.
en, the weighed water was added to the container, and mixed uniform paste was obtained. ey were then stirred with a mixer for 5 min.
e time at which the cement, tailings, and water were combined was taken as the start of the experiment. From this time, the time gradient was monitored at times of 5, 30, 60, 90, 120, 150, and 180 min. Before the experiments, the rheometer was turned on, and the air compressor was operated to output a constant pressure of 5 bar. e constant temperature water bath was then turned on, and the temperature of the water bath was allowed to stabilize. en, the rheometer and computer used for the experiments were switched on and connected. e samples were then removed from the self-sealing bags and weighed according to the desired composition ratio. e water, cement, and tailings were poured into the experimental cylinder individually, stirred with a glass rod for 1 min to ensure the slurry in the cylinder was fully and evenly mixed, and then the blade was placed into the barrel to begin measurement. e time at which the water, cement, and tailings were mixed is de ned as the start of the timed measurements. e rst dataset is measured at 5 min, followed by a second dataset at 30 min, and so on. After the sixth dataset is measured at 180 min, the shear rate and shear stress maps are generated, the le is saved, the slurry in the cylinder is processed, and the test ends.
Results and Discussion
e rheological properties of the slurry are indicated through the viscosity coe cient, yield stress, and friction loss. Using the above experimental design, a total of 15,120 raw data points were obtained, and the experimental results were analyzed.
Preliminary Treatment of Experimental Results.
All the data points were processed with the Origin software to obtain a shear rate-shear stress curve for each slurry, as shown in Figure 2 . Figure 2 shows the rheological characteristic curves of 18 di erent experimental proportions at di erent times. As can be seen from Figure 2 , the slope of each curve is very high in the rst half and then in the second half of the curve, and the slope gradually becomes smaller but always positive.
A large slope means that the shear rate is slightly increased and the shear stress is greatly increased.
is is because the gel material generated inside the cement hydration reaction encloses the tailings particles in the slurry to form a oc structure having a certain strength [32, 33] . As the shear rate of the rotor increases, more and more web 
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structures are broken and the shear stress begins to decrease. e interaction between the particles causes the occulation structure to be overlapped and repaired with the continuation of the hydration reaction and the constant agitation of the slurry by the rotor. e measurement curve becomes gentle and stabilizes at a certain value, when the rate of failure and repair of the web structure reaches a dynamic equilibrium.
In the middle and end sections of the curves, 126 of the rheological properties can be regarded as a straight line; these would have an intercept on the ordinate axis if extended. is rheological model conforms to the Bingham plastic model [34] [35] [36] [37] . e slope of the line is the viscosity coe cient of the slurry, while the intercept represents the yield stress of the slurry. 
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In uence of Gradation of Tailings on Slurry Viscosity
Coe cient. e viscosity coe cient is calculated from the experimental results (Figure 3 ).
An increase along the abscissa in Figure 3 indicates that the content of powder-grained particles in the slurry tailings remains unchanged or increases. It can be seen that, for almost all of the slurries, the viscosity coe cient changes over time by initially increasing and then decreasing; the exceptions are a few groups of experimental errors. is occurs because there is still material in the slurry reaction that is yet to be stabilized. e viscosity coe cients of slurry No. 1 eir uidity is poor, which is not conducive to transport. Observing all the slurries shows that the viscosity coe cient of the slurry initially decreases and then increases with increasing proportion of powder-grained particles. With continuing increase in the content of powder-grained particles in the tailings, the viscosity coe cient of the slurry and its variance also increased. Even with the same proportion of powder-grained particles, there are still di erences in the viscosity coe cients of the slurries owing to the varying proportions of ne-grained and powder-grained particles, such as for slurry No. 10, No. 11, and No. 12.
A proportion of powder-grained particles that is too great or too small will a ect the rheological properties of the slurry, making it not conducive to lling. e addition of appropriate powder particles acts as a ball lubrication between the coarse particles, e ectively reducing the viscosity of the slurry [38] . e in uence mechanism of the gradematching slurry uidity requires a more in-depth analysis of the microscopic aspects of the slurry [39, 40] . Relevant research will be continued in the next scienti c research work. When the content of powder-grained Linglong tailings is maintained at approximately 40% and the ratio of relatively ne-grained tailings to ne-grained tailings is reasonable, the viscosity coe cient and variance of the slurry are minimized.
In uence of Gradation of Tailings on Slurry Yield Stress.
e yield stress is calculated from the experimental results (Figure 4 ).
An increase along the abscissa in Figure 4 indicates that the content of powder-grained particles in the slurry tailings remains unchanged or increases. It can be seen that the yield stress for almost all slurries increases with time, indicating that the uidity of the slurry deteriorates; the exceptions are a few groups of experimental errors. e initial yield stresses of slurry No. 1 and No. 2 are relatively small and increase signi cantly after 30 min. is indicates that the powdergrained particles in the tailings account for a small proportion and the slurry has more uidity in the initial stage but less uidity in the middle and nal stages. e yield stresses of slurry No. 10, No. 12, and No. 18 are initially low, and their nal growth is small. e rheological properties of these slurries are better.
Analysis of all slurries shows that a powder-grained particle content which is too high or too low will a ect the rheological properties of the slurry. If the proportion of powder-grained particles is too low, the slurry will disintegrate easily. If the proportion of powder-grained particles is too high, viscous substances in the slurry will increase. In both cases, the yield stress of the slurry will increase and the slurry uidity will reduce. Research on the mechanism of the in uence of the level-matching slurry uidity will continue in the next research work. When the proportion of powder- Advances in Civil Engineeringgrained Linglong gold mine tailings is 40% and the ratio of relatively ne-grained tailings to ne-grained tailings is reasonable, the yield stress of the slurry is minimized.
E ect of Gradation of Tailings on Slurry Friction Loss.
e ultimate goal of measuring the rheological parameters of a slurry is to calculate its friction loss coe cient to indicate its performance in a pipeline.
e pipe friction loss under di erent ow rates based on the Bingham ow model is calculated using the following formula [41] [42] [43] [44] :
where i is the friction loss (Pa/m), τ 0 is the yield stress of the slurry (Pa), η is the viscosity coe cient of the slurry (Pa·s), ] is the ow rate of the slurry in the pipeline (m/s), and D is the inner diameter of the pipe conveying the slurry (m).
According to an actual situation on-site, the ow velocity is 1 m/s and the inner diameter of the pipe D is 0.1 m. us, the equation for calculating friction loss can be simpli ed as follows:
From the experimental results, the relationship between the gradation of tailings and the slurry friction loss coe cient can be obtained. Figure 5 shows the relationship between the slurry friction loss and slurry content, and an increase along the abscissa indicates that the content of powder-grained tailings in the slurry remains unchanged or increases. e No. 1 and No. 2 slurries exhibit a small friction loss initially, but the friction loss increases sharply after 30 min. is indicates that the slurry exhibits poor uidity after a short time. ese slurries are thus not conducive to lling. e initial friction loss of slurry No. 10, No. 12, and No. 18 is small, and the friction loss in the later period is also small. is indicates that the uidity of the slurry is stable for a period of time.
With the large ordinate interval in Figure 5 , the relationship between the ratios of tailings content and the lowest values of friction losses cannot be clearly observed.
us, the data for slurry No. 10, No. 12, and No. 18 are extracted and shown in Figure 6 for better observation.
It can be seen from Figure 6 that, at any point in time, the best ow performance is achieved by slurry No. 10. is is followed by slurry No. 12, and slurry No. 18 exhibits the poorest uidity. Furthermore, the ow performance of slurry No. 10 after one hour is better than that of slurry No. 18 immediately after preparation. It can be concluded that, for all slurries, the proportion of powder-grained particles a ects the friction loss. e addition of the powder particles increases the bulk density of the particles in the slurry. e water required to ll the voids between the particles is reduced, and excess moisture forms a water lm on the surface of the particles, which reduces the sliding resistance between the particles [45, 46] . A proportion of powder-grained particles that is too high or too low will cause the material uidity to deteriorate, as shown by Figures 5 and 6 .
In order to test its uniaxial compressive strength (UCS), a standard sample (70.7 mm × 70.7 mm × 70.7 mm) was prepared using slurry No. 10 Advances in Civil Engineering sand, and 50% ne-grained sand from the Linglong gold mine.
Conclusions
In this study, a particle size analysis of tailings from the Linglong gold mine was carried out, and the tailings were sieved and classi ed as powder-, relatively ne-, and negrained according to certain standards. ese three types of tailings were mixed to create lling slurries with various ratios, and the rheology of the resulting slurries was measured using a rheometer. Ultimately, the in uence of the gradation of the Linglong tailings on the uidity of the lling slurry was analyzed. is study has yielded the following conclusions: (1) e particle size distribution of tailings from the Linglong gold mine was obtained. Particle sizes of 40 μm and 160 μm were used to demarcate the transition from powder, relatively ne, and ne grains. e entirety of the tailings was sieved into three classes: powder-, relatively ne-, and ne-grained sand. (2) With increasing content of powder-grained particles in the tailings, the viscosity coe cient and yield stress decrease continuously until the proportion of powdergrained particles in the tailings is approximately 40% of the total content; with further increase in the content of powder-grained tailings, the viscosity coe cient and yield stress of the slurry begin to increase. is indicates that a powder-grained tailings content that is too high or too low will increase the viscosity coe cient and yield stress of the slurry. (3) ere is no absolute relationship between the friction loss of the slurry and the particle size of the tailings, but there is strong correlation between the friction loss of the slurry and the composition of the tailings. A too-high or toolow content of powder-grained particles in the tailings will cause friction loss in the slurry. If the coe cient is too large, it is not conducive to the transport of slurry in a pipeline. When the content of powder-grained particles in the tailings is too low, the lubricating e ect of the slurry will decrease. When the content of the powder-grained particles in the tailings is too high, the slurry becomes more viscous. Both these cases will increase the friction loss of the slurry. (4) Regardless of the point in time, the types of slurry tailings with the best ow performance are, in turn, slurry No. 10, No. 12, and No. 18. Of all the slurries, slurry No. 10 (40%, 10%, and 50% content of powder-, relatively ne-, and negrained tailings) was observed to exhibit the best rheological properties.
is study summarizes the in uence of the gradation of tailings on the rheology of a lling slurry and determines the optimal ratio of tailings. e results show that the characteristics of slurry No. 10 are optimal. However, grading the full tailings is a huge challenge by adopting slurry No. 10 instead of a full tailings one due to lack of grading equipment and increased costs and processes. It is necessary to conduct comparative research on the eld industrial test in the future.
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